) in 10 patients with nephropathy (DN +) and 10 patients without nephropathy (DN±) who had lived with diabetes for 24 ± 3 and 27 ± 3 years, respectively and in 15 healthy control subjects. Renal functional reserve was calculated as the difference between amino acidstimulated and baseline glomerular filtration rates (GFR). Results. Baseline glomerular filtration rate in DN± patients (106 ± 8) and control subjects (112 ± 3 ml × min ±1 × (1.73m
) was significantly higher (p < 0.01) than in DN + patients (79 7 ml × min ±1 × (1.73m
2 ) ±1 ). Renal functional reserve was absent in DN + patients, whereas it represented 26 ± 4 % of the baseline in DN± patients and 23 ± 2 % in control subjects. Renal vascular resistance decreased statistically significantly during amino acid infusion in DN± patients and control subjects but not in DN + patients. Conclusions/hypothesis. These results indicate that very long-term Type I diabetic patients without diabetic nephropathy still have a normal renal functional reserve. In contrast, this reserve is suppressed in similarly long-term macroalbuminuric and hypertensive patients with overt nephropathy in spite of their remarkably maintained glomerular filtration rate. This opposite impairment supports the interpretation that glomerular hyperfiltration is a determining mechanism in human diabetic nephropathy. [Diabetologia (2000) 43: 227±230] Keywords Type I diabetes, diabetic nephropathy, renal functional reserve, amino acid infusion, glomerular hyperfiltration.
that RFR was suppressed in patients with overt diabetic nephropathy [4] , we designed the present study to examine whether patients with long-lasting Type I diabetes but exhibiting neither albuminuria nor hypertension are conversely characterized by an intact RFR.
Subjects and methods
Study subjects (Table 1) . The study (previously approved by the ethics review board of Toulouse, France) was carried out in 20 long-term Type I diabetic patients and in 15 healthy control subjects.
Of the patients, ten with diabetes duration of 27 years were clinically free of the diabetic nephropathy (DN±). None of them was submitted to converting enzyme inhibitor therapy. The other ten patients had suffered diabetes for 24 years and were in the overt clinical stage of diabetic nephropathy (DN +) having developed macroalbuminuria and hypertension. All the DN + patients were usually maintained on stable doses of a converting enzyme inhibitor of which they were deprived for 1 week before the day of the study. All DN± and DN + patients had been trained with the same educational programme and were on intensified insulin therapy with either multiple daily injections (11 patients) or continous s. c. insulin infusion with an external pump (9 patients).
Control subjects were 15 normoalbuminuric and normotensive healthy volunteers who had given their informed consent.
Patients and control subjects followed an identical isocaloric diet (50 % carbohydrates, 4 to 6 g NaCl and 1.1 g per kg body weight protein daily content) at least 1 week before the studies.
Study protocol, determinations and calculations. Renal functional reserve studies were completed as previously described [4] . Continous s. c. insulin infusion was given with an external pump during the night and throughout the test to maintain the glycaemic level between 5.5 and 9.9 mmol/l. We carried out eight successive 1-h inulin and p-amino hippurate clearance periods: two before, three during and three after (baseline, stimulation and recovery periods, respectively) an infusion of 7.4 % amino acid solution (Azonutril 25 diluted v/v with sterilized distilled water, conveying approximately 4.5 mg of a mixture of 20 l-amino acids per min per kg body weight).
Glomerular filtration rate (GFR) and effective renal plasma flow (ERPF) were estimated from urinary clearances of inulin and p-amino hippurate, respectively. Renal functional reserve was equated with the difference between the higher GFR measured during amino acid infusion and baseline GFR. Renal blood flow (RBF) was calculated as the ratio of ERPF to 1-haematocrit, and renal vascular resistance (RVR) as the ratio of mean arterial pressure mmHg to RBF, l/min. All rates of filtration, flow and excretion as well as RVR are expressed per 1.73 m 2 of body surface area, and fractional data as percentages.
Statistical analysis. The values reported represent means ± SEM. The results were processed by repeated variance analysis measurements. Differences between values were analysed using the Scheffe F test and the Mann-Whitney U test. Results with p < 0.05 were considered statistically significant. Analysis of covariance was used to further evaluate the relative importance of independent variables on the dependent variable RFR.
Results
Baseline GFR in DN + patients (79
), was significantly lower (p < 0.01) than in control subjects (112 ± 3 ml × min ±1 × (1.73m ). Amino acid-induced alterations in GFR were fully reversible in all groups.
Renal functional reserve was similar in DN± patients (28
) and control subjects (25 ± 3 ml × min ±1 × (1.73 m 2 ) ±1 ) ( Fig. 1) . It was absent in DN + patients whose increase in GFR (7 ± 4 ml × min ±1 × (1.73 m 2 ) ±1 ) was not significant. Renal functional reserve expressed as a percentage of respective baseline values represented only 12 ± 4 % in DN + patients, i. e. a significantly lower percentage (p < 0.05) than in DN± patients (26 ± 4 %) and control subjects (23 ± 2 %). Analysis of covariance showed that patients' RFR was not affected by age (p < 0.62), sex (p < 0.45), diabetes duration (p < 0.73), daily insulin dosage (p < 0.19), urinary albumin excretion rate (p < 0.62) or by mean arterial pressure (p < 0.065). It was only affected by baseline GFR (p < 0.02) and above all, by a ªgroup effectº (p < 0.003), i. e. the dis- ). During stimulation, RVR decreased (p < 0.05) in both DN± patients and control subjects (by 13 ± 4 and
), respectively) but not in DN + patients.
Discussion
Previous RFR studies in long-term Type I diabetes have often been carried out in heterogeneous groups of patients at different stages of diabetic nephropathy and with dissimilar protein intakes. Our study compares the response to amino acid infusion only according to the presence or the absence of overt nephropathy in patients with Type I long-lasting diabetes. As far as possible, similar experimental conditions were created for patients and control subjects to prevent any influence on the results while meeting clinical requirements. Our observations provide evidence that the ability of the kidney to vasodilate and to retain a RFR is intact in normoalbuminuric normotensive patients whereas it is suppressed in macroalbuminuric hypertensive patients in spite of the similar long-term course of the disease. In addition, analysis of covariance clearly establishes that the major factor influencing renal reserve in our study is the stage of renal involvement as determined typically by the prevailing proteinuria and blood pressure.
We found that RFR was suppressed in DN + patients, thus confirming our previous results in another group of patients [4] . One important point is that serum creatinine concentration and creatinine clearance were almost normal and that true GFR, as evaluated by inulin clearance, was still considerably high approximating 80 ml × min ±1 × (1.73 m 2 )
±1
. Clearly, the baseline filtration process is remarkably maintained in spite of the irreversible glomerular functional impairment which is evidenced by the increased renal resistance, the suppressed ability to vasodilate and the absence of an RFR. Thus, invariability of amino acid-stimulated GFR and absence of a RFR appear to provide much more sensitive assessments of the functional renal damage in overt diabetic nephropathy than usual baseline evaluation. In these patients with subnormal serum creatinine concentrations and creatinine clearance, the risk of rapid worsening of renal function in conditions of external stress, such as hypovolaemia or infection, might be widely underestimated.
The loss of RFR probably implies that the residual nephrons are working at maximum capacity and are permanently in a state of glomerular hyperfiltration. This interpretation correlates with the previously reported large variation among individual glomeruli in the expression of advanced lesions of diabetic nephropathy [5] . Even when expressed as a percentage of baseline GFR, RFR in DN + patients averages only 12 % and is statistically significantly lower than in DN± patients and control subjects. This decreased amino acid-induced change in GFR is absolutely necessary to justify the interpretation that haemodynamics is deranged in spared glomeruli [6] . Moreover, RVR was not decreased by amino acid infusion in DN + patients as it was in control subjects and DN± patients.
On the other hand, an intact renal reserve exists in DN± patients having nonetheless suffered diabetes for approximately 27 years. Their response to amino acid infusion was similar to that of control subjects; i. e. an approximately 28 % increase in GFR and a statistically significant decrease in renal resistance. These results are in agreement with the observation that certain normoalbuminuric patients never develop any histological signs of glomerulopathy even after many years of diabetes [7±9]. Our results indicate that glomerular function and renal haemodynamics can be considered as normal in such long-standing diabetic patients.
Preservation of a renal reserve in a prolonged silent stage of renal involvement and suppression in overt nephropathy favour the interpretation of an important part played by glomerular hyperfiltration in the progression of renal damage and worsening of diabetic nephropathy [10] . Although the results of our study do not substantiate any causal relation, they clearly indicate that hyperfiltration is a characteristic Fig. 1 . Glomerular filtration rate (GFR) before (baseline, B), during (stimulation, S) and after (recovery, R) amino acid infusion in 10 patients with diabetic nephropathy (DN +), 10 patients without diabetic nephropathy (DN±) and 15 control subjects. Values are means ± SEM. ** p < 0.01 for differences with control subjects' baseline values. *** p < 0.001 for differences between stimulated and respective baseline values feature of remaining nephrons in human diabetes with nephropathy.
We conclude that the ability of the kidneys to have an RFR and to vasodilate is fully retained in patients having suffered long-term Type I diabetes who have no bioclinical sign of nephropathy whereas it is suppressed in proteinuric hypertensive patients in spite of their remarkably maintained GFR. These results justify the interpretation that glomerular hyperfiltration is a determining mechanism in the progression of human diabetic nephropathy.
